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Abstract 
Current design rules for determining the member strength of cold-formed steel columns are based on 
the effective length of the member and a single column capacity curve for both pin-ended and fixed-
ended columns. This research has reviewed the use of AS/NZS 4600 design rules for their accuracy in 
determining the member compression capacities of slender cold-formed steel columns using detailed 
numerical studies. It has shown that AS/NZS 4600 design rules accurately predicted the capacities of 
pinned and fixed ended columns undergoing flexural buckling. However, for fixed ended columns 
undergoing flexural-torsional buckling, it was found that current AS/NZS 4600 design rules did not 
include the beneficial effect of warping fixity. Therefore AS/NZS 4600 design rules were found to be 
excessively conservative and hence uneconomical in predicting the failure loads obtained from tests 
and finite element analyses of fixed-ended lipped channel columns. Based on this finding, suitable 
recommendations have been made to modify the current AS/NZS 4600 design rules to more 
accurately reflect the results obtained from the numerical and experimental studies conducted in this 
research. This paper presents the details of this research on cold-formed steel columns and the results. 
1. Introduction 
Cold-formed steel members are becoming increasingly popular within the construction 
industry due to their superior strength to weight ratio and ease of fabrication as opposed to 
hot-rolled steel members. Hence extensive research efforts have gone into the many 
investigations addressing the buckling behaviour of cold-formed steel columns. In earlier 
studies by Popovic et al. (1999, Young (2004), Shifferaw and Schafer (2011) and Silvestre et 
al. (2013), it was found that plain and lipped angles with fixed end conditions exhibited post-
buckling strength with respect to global torsional or flexural-torsional buckling modes due to 
the presence of warping fixity, which is ignored in all the current design rules. Recently, 
Bandula Heva and Mahendran (2013) carried out a series of compression tests of fixed ended 
cold-formed steel channel members subject to flexural-torsional buckling, and showed that 
AS/NZS 4600 (2005) and AISI (2007) design rules conservatively predicted the strengths of 
tested specimens. These findings therefore warrant further investigations into the behaviour 
of fixed ended lipped channel steel columns subject to flexural and flexural-torsional 
buckling. The overall aim of this research is to investigate the accuracy of current design 
rules in determining the strengths of concentrically loaded slender cold-formed steel columns 
subject to flexural and flexural torsional buckling. Five different steel grades and thicknesses 
were considered in this numerical study to investigate the effect of using low and high grade 
steels. Three different section dimensions were also considered in this numerical study with 
varying column lengths. This paper presents the details of this research study including the 
results and proposes new design rules where necessary. 
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2. Experimental Study 
Bandula Heva and Mahendran (2013) investigated the behaviour of cold-formed steel lipped 
channel columns at both ambient and elevated temperatures. As part of their experimental 
study, they conducted six tests at ambient temperature to investigate the flexural-torsional 
buckling behaviour of fixed ended columns (Figure 1). All the tests were conducted using 
fixed-end conditions. Table 1 gives the ultimate loads with the measured cross-sectional 
dimensions and lengths of six ambient temperature test specimens. The mechanical properties 
of steels are given in Table 2. Test results from Bandula Heva and Mahendran (2013) will be 
used in this study to validate the finite element models developed in this research and to 
compare with the column capacities predicted by the current design rules. 
 
Table 1: Comparison of ultimate loads from tests and FEA 
 
Table 2: Mechanical properties of cold-formed steels 
 
 
 
 
 
 
 
 
 
Figure 1: Failure modes from test and FEA for G250x1.95x75x1800 column 
3. Finite Element Modelling 
In this research ABAQUS was used in the finite element analyses (FEA) of cold-formed steel 
columns subject to axial compressive loads. The measured dimensions and mechanical 
properties of lipped channel sections (Table 1) were used in these analyses. S4R shell 
element type with a 4 mm x 4 mm mesh size was used. In the experimental study, both ends 
of test columns were fixed against rotations and translations except that the bottom end was 
allowed to move axially. Hence in the numerical study also fixed support conditions were 
simulated and only axial translation at the bottom end was allowed as shown in Figure 2. The 
boundary conditions and the load are applied to the reference node of the rigid end plate 
Lipped Channels 
Measured Dimensions (mm) Test 
(kN) 
FEA 
(kN) 
Test 
FEA Web Flange Lip Thickness Length 
G550x0.95x55x1800 54.94 34.88 8.00 0.95 1740 24.7 25.3 0.98 
G550x0.95x55x2800 54.82 34.78 7.82 0.95 2820 15.9 15.3 1.04 
G250x1.95x75x1800 74.82 50.06 14.87 1.95 1740 87.9 84.1 1.05 
G250x1.95x75x2800 74.97 49.88 14.69 1.95 2820 54.1 51.4 1.05 
G450x1.90x75x1800 74.67 49.94 14.51 1.88 1740 120.4 117.0 1.03 
G450x1.90x75x2800 74.27 49.78 14.92 1.88 2820 61.3 62.8 0.98 
Grade (MPa) x Thickness (mm) fy (MPa) E (MPa) 
G550x0.95 615 205000 
G250x0.95 320 200000 
G500x1.15 569 213520 
G250x1.95 271 188000 
G450x1.90 515 206000 
TEST 
FEA 
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made of R3D4 elements to simulate warping fixed boundary conditions. It should be noted 
that nodal loads were applied to simulate warping free boundary conditions in the parametric 
study. Half-length model was used with appropriate boundary conditions at mid-span. 
Flexural-torsional buckling was observed as the first eigen mode in the elastic buckling 
analysis. Therefore this eigen mode was used to introduce the initial geometric imperfection 
with an amplitude of L/1000. The residual stresses proposed by Ranawaka and Mahendran 
(2010) were used in the finite element models. Nonlinear analyses using the Riks On method 
were used to determine the ultimate loads of cold-formed steel columns. 
 
Figure 1 compares the ultimate failure modes obtained from test and FEA. Test results from 
Bandula Heva and Mahendran (2013) and the nonlinear finite element analyses showed that 
columns failed by flexural-torsional buckling. The developed finite element model was also 
validated by comparing the ultimate loads obtained from tests and analyses. It was validated 
for different steel grades, thicknesses and lengths (Table 1). The mean value of Test/FEA 
ultimate load ratios is 1.02 while the associated coefficient of variation is 0.03. These 
comparisons show that the developed finite element model accurately predicts the ultimate 
capacities, load-deflection curves and failure modes of slender cold-formed steel columns 
subjected to axial compression. The validated finite element models were used thereafter in a 
parametric study to investigate the current design rules to predict the axial compressive 
strengths of cold-formed steel columns. This study included the effects of various parameters 
such as steel grade, steel thickness, section size, column lengths and end boundary conditions.  
 
 
 
 
 
 
Figure 2: Loading and end boundary conditions 
4. Investigation of Pinned and Fixed Ended Columns 
In this study pinned end boundary condition was investigated with the lipped channel section 
size of 55x35x9 while fixed ended columns were investigated using three lipped channel 
section sizes, 55x35x9, 75x50x15 and 90x40x15. Five different steel grades and thicknesses 
were considered (Table 2). The column lengths were selected such that the columns fail by 
either flexural torsional or flexural buckling modes. None of the columns selected in this 
research failed by distortional buckling or local and global buckling interactions. 
 
Effects of warping fixity were investigated for columns with pinned and fixed end conditions 
using the lipped channel section of 55x35x9. Figure 3 compares the ultimate loads of pinned 
Load and end boundary conditions 
applied to all the nodes at the end 
section to stimulate warping free 
boundary condition 
Load 
Load and end boundary 
conditions applied to the centroid 
of the section through rigid end 
plate to stimulate warping fixed 
boundary condition 
Load 
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and fixed ended columns with warping free and fixed cases (total of four cases) with the 
column curve in AS/NZS 4600 in the non-dimensionalised ultimate stress (fn/fy) versus 
slenderness (λc) format. This comparison shows that the ultimate loads of pinned end 
columns follow the AS/NZS 4600 curve irrespective of their warping boundary conditions. 
The ultimate loads of fixed ended columns with warping free boundary conditions also 
follow the AS/NZS 4600 curve quite well. However, fixed ended columns with warping fixed 
boundary conditions showed the presence of post buckling strength due to warping fixity and 
hence their ultimate load results do not agree with the AS/NZS 4600 column curve. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Effects of warping restraint on cold-formed steel columns 
 
The design rules proposed by Popovic et al. (1999) and Young (2004) for angle columns 
were used to predict the ultimate loads of these fixed ended cold-formed steel columns. 
Based on their research, Popovic et al. (1999) recommended that flexural-torsional buckling 
mode should be excluded from the design procedure and to consider only the minor axis 
flexural buckling. Young (2004) used Popovic et al.’s (1999) recommendation and proposed 
new column curves. These design procedures were considered in our research and it was 
found that the design rules proposed by them do not accurately predict the axial compression 
capacities of cold-formed steel lipped channel section columns.  
5. Proposed Design Rules 
There are two regions in the column curve of AS/NZS 4600 (2005). The first region is for 
shorter and intermediate columns (where λc is less than or equal to 1.5). In the current study it 
was found that the current AS/NZS 4600 (2005) column curve is too conservative for slender 
columns with fixed ends and warping fixity. Therefore this paper investigates the second 
region for slender columns (where λc is greater than 1.5), and proposes a new set of equations. 
Figure 4 shows the ultimate loads of slender fixed ended (warping fixed) columns in the form 
of non-dimensionalised ultimate stress versus slenderness curves. Experimental results from 
Bandula Heva and Mahendran (2013) are also plotted in this figure. The ultimate loads of 
these columns plotted higher compared to the curve given in AS/NZS 4600 (2005). A closer 
look at the results indicated that the ultimate loads of fixed ended (warping fixed) columns 
subjected to flexural buckling agreed well with the column curve given in AS/NZS 4600 
(2005) as shown in Figure 4. On the other hand the ultimate capacities of fixed ended 
(warping fixed) columns subjected to flexural-torsional buckling were much higher (up to 
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88% more) compared to the predictions of AS/NZS 4600 (2005) (Table 3). The reason for 
this is that the warping rigidity of fixed ended columns will be useful only when the columns 
are subjected to flexural-torsional buckling and not when they are subjected to flexural 
buckling. Hence a new set of equations was proposed (Equations 1 (a) and (b)) for fixed 
ended columns with warping fixity when they are subjected to flexural-torsional buckling. It 
should be noted that the aim of this paper is to modify the curve for longer columns (λc > 1.5). 
However the equation for shorter columns (λc ≤ 1.5) is also modified in Equation 1 (a) to 
provide continuity for the full design capacity curve. Figure 4 shows a close agreement of test 
and FEA results with the proposed equations. 
 
                                                                      (1a) 
   
                                   (1b) 
 
 
Table 3 compares the FEA results with existing and proposed equations for selected fixed 
ended columns subjected to flexural-torsional buckling. The mean value and the capacity 
reduction factor for AS/NZS 4600 (2005) design rules is 1.39 and 1.10, respectively, which 
emphasize the need for improved design rules. The mean value and the capacity reduction 
factor for the proposed equations (1a and 1b) are 0.99 and 0.89, respectively.  
 
Table 3: Comparison of predictions with FEA results for fixed ended columns 
Section Grade (MPa) x Thickness (mm) 
Length 
(mm) 
FEA AS/NZS 4600 Equation 1 
Pult (kN) Nc (kN) FEA/Pred. Nc (kN) FEA/Pred. 
55x35x9 
G550x0.95 
2400 19.4 13.6 1.43 18.9 1.03 
2800 16.6 10.4 1.60 15.4 1.08 
4000 10.8 5.76 1.88 9.92 1.09 
G250x0.95 
2400 15.3 13.3 1.15 15.8 0.97 
2800 12.9 10.1 1.28 12.8 1.00 
4000 9.11 5.62 1.62 8.27 1.10 
G500x1.15 
2400 24.8 18.0 1.38 24.0 1.04 
2800 21.4 13.9 1.54 19.7 1.09 
4000 14.0 8.02 1.75 13.1 1.07 
G250x1.95 2800 29.9 27.3 1.10 31.1 0.96 4000 20.7 18.0 1.15 22.7 0.91 
G450x1.90 2800 37.3 28.6 1.30 37.6 0.99 4000 24.2 18.7 1.29 27.3 0.88 
75x50x15 
G250x1.95 
4000 36.7 31.4 1.17 37.8 0.97 
5000 29.2 22.5 1.30 29.4 0.99 
6000 24.1 17.6 1.37 24.4 0.99 
G450x1.90 
2400 85.0 79.5 1.07 88.3 0.96 
2800 69.8 60.3 1.16 71.9 0.97 
4000 48.0 33.2 1.45 45.9 1.05 
5000 37.8 23.7 1.60 35.6 1.06 
6000 29.9 18.4 1.62 29.5 1.01 
90x40x15 
G250x1.95 4000 39.8 36.7 1.09 42.2 0.94 
G450x1.90 2800 75.2 67.4 1.12 77.2 0.97 4000 47.5 38.6 1.23 51.2 0.93 
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Figure 4: Comparison of results with AS/NZS 4600 and proposed design rules 
6. Conclusions 
This paper has presented the details of an investigation on the behaviour and design of cold-
formed steel columns subject to flexural and flexural-torsional buckling using numerical and 
experimental studies. Current design rules in AS/NZS 4600 were able to predict the member 
capacities of pinned and fixed ended columns subjected to flexural or flexural torsional 
buckling, but not in the case of columns with fixed ends and warping fixity subjected to 
flexural-torsional buckling. Hence improved design rules were proposed for this case. The 
accuracy of the proposed design rules was verified using the available test and FEA results of 
cold-formed lipped channel columns made of five different steel grades and thicknesses. 
Three different cross-sections were also considered in this study with varying column lengths. 
The agreement between the ultimate loads from tests, FEA and proposed design rules was 
very good. This paper has demonstrated the need to improve the current member capacity 
design rules for cold-formed steel columns with fixed ends. 
7. References 
AISI. (2007). Specifications for the Cold-formed Steel Structural Members, Cold-formed Steel Design Manual, 
American Iron and Steel Institute, USA. 
AS/NZS 4600. (2005). Cold-formed steel structures, Standards Australia, Australia. 
Bandula Heva Y and Mahendran M. (2013). Flexural-torsional Buckling Tests of Cold-formed Steel 
Compression Members at Elevated Temperatures, Steel and Composite Structures, Vol14:Issue3. pp. 205-227. 
Popovic D, Hancock GJ and Rasmussen KJR. (1999). Axial Compression Tests of Cold-Formed Angles, Journal 
of Structural Engineering, Vol125:Issue5. pp. 515-523. 
Ranawaka T and Mahendran M. (2010). Numerical Modelling of Light Gauge Cold-formed Steel Compression 
Members Subjected to Distortional Buckling at Elevated Temperatures, Thin-Walled Structures, 48. pp. 334-344. 
Shifferaw Y and Schafer BW. (2011). Behaviour and Design of Cold-formed Steel Lipped and Plain Angles, 
Proceedings of the Structural Stability Research Council Annual Stability Conference. USA. pp. 10-14. 
Silvestre N, Dinis PB and Camotim DPB. (2013). Developments on the Design of Cold-formed Steel Angles, 
Journal of Structural Engineering, Vol139. pp. 680-694. 
Young B. (2004). Tests and Design of Fixed-ended Cold-formed Steel Plain Angle Columns, Journal of 
Structural Engineering, Vol130:Issue12. pp. 1931-1940. 
